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^^^hu^^or the ttaasm flow cup* or rfaeopata of a polymeria 
maEd«i>idk« the vtfuha of Ow welt viscodty over ktfnsnfeDy rIcweI range 
of jJwar nm ttMcmbJn ft eaeutfal in the design or pttmer pocaKta 
. eqwpaeot, Pfoasi cpfiinJatJon aod troahte-«h«iclns-'nie» daoms £on«ntfsrt 
BBlop hi tf i a lte dlhwiiirtett tone b^oinl AtlbaauMwim ^ nks iSs o i oi 

In&eprt^wodcamcdwd hastate prapoied to ettimatetkriwcarttMor 
a met at lenpaiiiwv relevant to iU processing aftdtfwl^ibeitt of* 
_ — lorvfl^ lowwlBtf the melt Bow index and afass transition rennwaeore or 
I Maw* tens thai coalesce dwosrans of different grader «t 
fwcauirts juve b«m mereied and pnssnted for low density 
Ky^^^DfJ^to co^mef^^^ ,,l!:riei peiy V w ?* l * 0 * t Po\>smm aad 
X® vwdv Mtit fliw adet, ideogram, toKter wrvo, paiynudc malt 

corfty under, simple ahwr is aa impottam materiel 
D dnmeitt e f the tube (aa) ^ranewr uted for defefinibbg pttiEdng efffciai- 

JC J? «uwt»»t» cj of to extruder, the pressure drop through a die, 

r lwe*«^wb*(<Bj) dciignuv balanced flow runner iystcaw la multiple " 

MPI 3flowte^o^)^ compalillfl *• 

4» pres*£ tfro tkituX lute (dyncj/m 1 ) tlie due to viscous heat gsaendon. during processing 

- rf) BtB.Th»WBodftrof polymeficmdtsljd^wudtjitofl 

100' both &* temperature and jfcew rate Tfceieforev 

knowlwtffo of tts complete flpw carve or xfceogram 
Oft f- r +iflB deleting thA 'variation of the melt vistojjty over 
Wk ' ** Industrially Ktevant range of shear rates and 
tamperitare I* cajentJal In the design „f pofymcr 
prccejfhg Equipment, precos op tlmcmi on and 




The Aeologkal data needed for eoDStoictinj a 
rijeogram Arc obtained on sopiirtitttcd scientific 
tastttupeisi mch V tha Wdaaabarg fcheoEOnio* 
netsr, 41m Imtron Capillary ftjuomefe*, Sheometries 
Mech&njeal Spectrometer, etc, these Instruments are 
3, Introduction very cxpensbc and require trained operators. Thus 

collection of the necessary flo* data Is beyond the 
Shying flow of pQfenerfe fodda is eoeoiintand in taoddmA technical capability ofmosiprocewors 
a number of polymer processing oparaUoiw, The ™- c ' Poft™w» materials. 

■ m . ^ i o v> Tl>e fkw parameter ths processor has ready 

^ NCI. CtannininlatbinNuinaar 2903. access to It the melt flow index (MPI). The-MPl fs 
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easily measured using* relatively luexp 
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ids. MFI h defined w the might of the polymer In 
Stzms extiuttecj ffi ten minutes Through a cqnBaty of 
specific diameter and length in & melt now rndeacr by 
pressure applied through dead *aght under prescrib- 
ed tempera an* conditions as specified by ASTM D 
1238. Although. MFI is a good indicator of the most 
suitable end me for which the particular grade can be 
used EJJ, kit not a fundamearaj polymer property. It 
if an empirically defined" parameter erlOoalry 
laflwenced by ths conditions of measurement, besides 
the physical properties and molecular structure of the 
polymer. It is a single point viscosity measurement at 
relatively low shear rtta end temperature. Sines die 
vetoes of temperature end shear rate employed in the 
MFI hut differ BubrtantiaQy from those encountered 
in actual large-scale processes, die remits do not 
correlate crrectfy with processing behaviour. This 
point has been wefi iOnauated by Shida and Cando 
p] and Smith 01, The latter bat also shown the 
losenahVUy of MFI to the ejects of moleeitiex-wdght 
diseribadna. This Is due to the face that variation in 
molecular-w^ghc dlstrfeutioa would normally afreet 
the flow behaviour at vary low s" 1 ] and very 
Ugh air s~ J ) sheer rates, whereas MFI is measured 
at an intermediate shear- rata, The effect of molecular 
weight distribution on procesilbility and foseasidvity 
of the MH measurement to these effects have aJ,o 
been described by Borzcwki Despite afl there 
fimitaiierMj MFI sdn remains to bo a simple, easily 
Obtainable vrscesily parameter from El relatively 
Inexpensive apparatus within the technical and 
financial means of plasties processors. 

In the present paper, a method has been proposed 
for estimating the rfceogram of a polymeria material 
from Jt* MH knowing the conditions of the MR test 
Md the ajass sanation temperature of the retfn. 
Menges et al. [J] have suggested a mathematical 
e^iwtioi^auriivemlvUcosItyftmcUon based on the 
aero-sh^rriseoelty, and had shown that chef mutton 
can be used to estimate tharhaogram fromataowi* 
edge of zero^thoar viscosity and ejasfrrxundtjon 
temperature. The zero-shear viscosity is a difficult 
parameter to obtain experimentally. The method 
proposed in the present paper uses the melt flow Index 
as a normalizing parameter, Ttierofopa the teefcuoue 
i* more convenient fbf the processor since the MR 
etui be vary easily measured. The polymer systems 
i K froent Jnvestigation are low density 



[S], these polymers constitute about 5S% of 
the total tales of pot/men, thus renrkrloglhe remits 
of fte present work useful to a ferae number of 



Data collection has been done in three ways. Vo> 
eosifr versos shear rate data wore generated on the 
above mentioned po^mer systems with oar own labo- 
ratory ftcliti«. The data were taken on the Weiss en- 
ber? ifceogonJomefer RIP m the lower shear rate 
region (JO* 1 to MrV 1 ) and on thelnstronCamlfiuy 
Geometer Model in the higher shear rata regfon 
ftO-10 1 All the data were analysed to^e 
TfflJtef curvet which aremdependeat of thepolymer- 
Made measuring temperature arri bid m MFI meas- 
225 fr?* Of the studied systems, data from 
published ilteratute were also collected to confirm the 
master curves. As a further cheek, data were obtained 
On vtocosity versus shear rate curves dfreetiy from 
manotorerj of the various polymers along with 
details of MFI values and measnremeu conditions. 
All this was done in order to consolidate che finding 
of the master curves and elhnlnatd any dependenco 
ttaaej ought have on the measuring hcDdW, 
equjirftent or operator. A GuSmary of ti» systems 
analysed m the present study is given In mbte 1. 

3. Data Analysis 

1T» flow of the posymer melt through the capillary 
die of the MFI apparatus is a simple shear flow In 
lemhwr region, Tiis volumetric flow rate of the fluid 
tfcrouefrn circular nfce Is given by 
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polyethylene, high tteutity polyethylene, pdypropy- 
«tWt poh/sryrene and tcyreneHtcrybr^tue copoU- 
wets. Based on the available data on 



where D are the iheawter and / the length of the tube, 
AP the pressure drop through die tube, Q the 
flow rate and tf, the apparent viscosity of 

Within Che melt flow mdexer die, capillary «J trance 
e^aro Important as UD - 3.8, Ifewewuv from 
JbefUtwSqucnt amuyris It wifl be dear chat MH would 
M * Mnas ^»8 factor to obtsia 
tmed viscosity fUggr ram curves. The MPI values 

111 11 "?!* ^P 10 ^^"^ which 
would be used for obtaining, thermograms from me 
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matter plot, vraujd btve the capillary qicraace effects 
implicit in tbera aad heme would annul each other. 
FwintlKdeiilJflofiofMFI 



MH = iOs<SDx W 
"b*re W is the weight ran of flow to g/cm 3 

^ B to- (J) 
Combining eqs. (1), (2) and (3) we obtain 

.U 4 



f 4b 



[Note - all parameters are in eg*, units,] 

For a given polymer weft, p can be assumed 
eoutsnt. The geometric parameters.!? and fare fixed 
« per ihft ASTM test specifications. Once & leer 
condition » pttacribed, (he load k specified thereby 



ClXhlSdA Thui, in the ASTM test Ueaiuttment of 
the melt flow Index, eq, (4) ieduc« tft 

when &e constant ia determined by the test condi- 
tio™ and the density of the polymer. 
Thaapparast shew rate, is given by 



(fi) 



where Vis the average rdcdly through the eapUkjy 
of diameter A £ it a function of the pteudoptastidty 
tadtt n for a ■froctanhy compiest power-law fluid 
and takes a valne of 6 for a Newtonian fluid. Now 
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Therefore, from eqs, (l) and C5— 7) obtain 



vf here the conscaw 
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As per top, (S) ftftd (8), B» MFI of a roaterial is 
directly proportional to the apparent shear rata and 
inversely proportional to the apparent viscosity of the 
.material under ttte condidom of temperature and 
"pressure percentage prescribed in the test. Although 
eqs, (S) and (8) are valid our/ at the particular MFI 
test condition, la effect the vaBdity of these equations 
over the entire flow carve as be eontitotet by u 
change of deadweight condition and hence flu pro- 
portionality constant It should, therefore, be po> 
dblc to coalesce (be n, vs. y, rheograms of polymer 
grades of different MFI by plotting (MFI x «,) 
vena* tVMH) on log^og scale at a given temper- 
ature and pressure. The .coalescence would be 
governed by the shape, of the original n. versus y,, 
Similar shaped corves would, undoubtedly, coalascB 
better. Shapes of the rheognuns are known to vary 
with regard to molecular parameters like Long-chain 
breathing and mqlecukr-weighl distribution. This 
explain* why the master curves of LDfE (branched 
7E) and HOPE {linear PI) do not coalesce tatO a 
single master curve*, In arriving at the master curves, 
the viscosity end sheer rate are normohred vis the 
mete-flow index, *s male flow Index Is itself insen- 
sitive to subtle changes in molecular parameters, this 
Hntitailon would he expected to bepresent even in (ho 
master curves. The mttintien of moIecuiaFwOgfat 
diatributlon would be more critical in the very lowand 
very Ugh shear rate regions. However, the working 
ranges for most polymer processing operation* fall in 
the Intermediate shear rate region and therefore, the 
master curve would still be effective for use as a 
bandy tool for perymer processors. 

The correlation suggested by Bosnia [71 
MFI and melt viscosity of polyethylene at 190'C 
appears w be a specific care of eq, (9> 



Vinogradov and Malkin L , , 
vasal viscosity function at a constant 

Viscosity data for a number of polyc™ 

polyatliylene, polypropylene, polystyrene and poly- 
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bobutylene were reported to tall within abandon a. 
muter curve of TogQi/jfo) *s. logJ7 0 r- Ccrehiaatiofi 
of (his reported observation and the inverse depend- 
ence of ft on MFI also suggests that a master curve 
should bepostible by replacing tj 9 with reciprocal of 
MFL The arguments used in arriving at ess. © and 
(6) are based on flow equations, which appear to be 
supported by the cmpitical correietiob* put fonh in 
tho prior literature. 

The temperature dependence of the master curve 
can be eliminated by using a relationfhrp derived from 
the WLF equation: 

where 7j 1* the tetnperatun at which vucosfcybtobe 
determined, T t the reference mmperaua* refused to 
the glass transition temperature, n f the Viscosity at T v , 
and tf t the viscosity at 3^ The latter quajifiry h 
defined as 



where T g is the glass transition temperature of the 
' From eq. (5) we have 



J2l„ 
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Combining eas. fM). (13) and (14), wo of 

m (M P0s _ iMCTi-p 
<MH)i 101,6 + 

lojjf+CTi-r,)' 

The effective MFI of a polymer at processing rem, 
perature can be readily estimated from the MH 
reported hi the ASTM teat temperature using eq. (1 5) - 

From ASTM 1339-73, it is clear that MFZ* are 
determined under different test load condrtions and 
hence It U fteswsajy to eliminate the MFI test bed 
dependeucy of tte master curve, in oratf rodutaU ( It 
is essential to first appf ecmte that (he melt flow meas- 
urement is done under constant shea* stress which is 
directly proportional to the combined weight of the 
piston and the load on it 



xL (frcfehtofpistHBltod) 



(16) 
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MPI, 



(20) 



an 



Sbee MPt Is nothing buta flow rate, it can be directly 
related to shear rate through the geometry of the audi 
flow apparatus, and die following proportionality cms 
ybeeetabfe" 



easily beestabttshed 
MFI*y\ 



Per 4 given polymer grade at a given Wapcrtture, 
there Is oafr one vfceoshy versos shear rata curve and 
hence the narter carve aw be generated wmg the 
MM at come standard leading condition (say y.ld kg 
If JuiWQ or calcriated feum eq. (21) when the loading 



0<D 



MB vabes obtained under ASTM casting conditions 
give apparent shear rates which are larger Aan the 
critical shear ran at which the polymer starts 
behaving as a sbcartbhinlng system. Whhta this 
portion of the cum iha apparent v&cnsity can be 
characterized by a power-kw model as follows 



where {a - 1) would be the slope of the 
versus shear rate curve. Combining eaji. (17), (18) and 
(19) gives tie Mowing relationship 



The polymer systems investigated instate LDPE, 
HD3PE, PP, PS arid SAM > and the plots generated for 
these are illustrated in figures 1-5. 

Figure 1 shows apkt of viscosity vetxns shear rate 
for three grades of LDPE with MFI's of 0.2, d and 10 
&t a temperature of 190'C The curves wcregenecwed 
from data taken on the Wefasenbcrg EUieogoxdometer 
»pd button Capillary Rheotneter. Unification of the 
three curve* was attempted through tie use of a plot 




Fig. 1. Vhnsfcy. veiaui shear rata cane for three different grades of UpPE with different MFI at UO-C 
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lo' w" it' (»» 

t/MFl 

ip three aK&H* grids of LDPS with different MM at JSO*C 



of 17- MFI versus y/Mfl and the ruxOting carve is 
shown in figure a: This eurVe ii bow gHde^pand* 
ent but dependent on the MFI test conditions of 
i90*C/fcl6kgl©a4, 

figure 3 shows a plot of.viscosiij veisw shear ma 
*t arte different temperature* 175 »C lM'C and 
205 "C for One grade «f LDpS, namely, 24 PS WO 
with iMPI of 4 (IK'C/Zldkg), to. order to obtain a 
unified master curve of n ' MFI versus j>/MFI, it if 
essential to obtain MFI values at different tempera- 
tures bvt suae loading conditions^ namely, 175*0/ 
■ Z14 kg and 20W£16 kg. 05) was men used to 
obtain these effectiVa MFI values at 175 *C and 
205*0, Knowing me MFI at ttQ'C an* ma gUts 
naiwition t«cjp*utnre of thepolymtr (mble.2). Using 
the uppropriataMFI values with each of the curve* in 

Table £ Polywv 0m cruri&m tenpfttatoes und to 
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figure 3 t ft plot of 17 - MFI veciui y/MFl was 
gei«Btt^nsatiownrafiga»4.Tn1ittnfftedetuveb 
then temperature todspenicnt bur dependent only on 
(he testing load condition of £16 kg. When s plot of 
1 • MFI vettts Ji/MFX fa to be generated at a different 
load condition, eo> CZl) tt uted to obtain the MFI at 
tba required load condition. Tfan* for example, 
fotowmg the MFI of LDFrJajSMQailwrc for a 
load of 2'^6-lce to be 4i tba value of MFI under 5 kg 
load al me same temperature is calculated to be 21 
from eq, (21) using a value of 0.5 for it determined 
from the slope of the viscosity vs. than rate «rve. 

Uoder the. fixed loading condition of kg, 
curvet in figures? and 4 ean be plotted together in 
figure 5 to g>t a master cum mdependent of 
polymer grade and temperature. The number of buta 
points Included Id this curve and their sources are 
summarized In table J . Master plot* similar to figure 5 
nave beengeneratedforHDPjBMT, FSandSANaad 
arc given In figures 6. 7, 8 and 9 respectively. The 
internal data and the data from ouxslde sources are 
found to fit very weH considering the variation In 
measurement techniques and lha varied element of 
unman error during measurement, 

Figures S-S thus represent the master curves for 
LDPE, HOPE, PP> FS and SaN from Which the, 



Hs, 9. Master «*v« for 5AN 



entire vjscori^ versos shear rate curves can be gener- 
ated jutoy teaiperainresimp^ through Acknowledge 
af MM. TneMCTUeiOier givea by the manufacturer 
or obtained from a standard MET 
ASTM conditions. The steps iavo 
«Wh rheograms are the following; 

- 'Obtain ME1. value under Jtandard specified tem- 
perature and loading condition* 

- If ue loading condition it Afferent from the one 
used la generating the master Curve, obtain, value 
of MH at the kadrag cooditiun of the master 
carve hf wing cq. (21) and calculating a from the 
value of the done of die matter curve b the noft- 
Nfflftoniaa region, 

- If the specified temperature Condition of MH Is 
also different from the temperature of Interest at 
which viscosity versus shear rate carve fe to be 
generated, Qua cajeulaiea new value of MFJ using 
eq, <1$) and the cotrect detennined value of 7, for 
fee tpedflc polymer under oonsidenticm, 

- Knowing the effective MFI at the temperature of 
interest the theoaram can ba generated by simply 
JUbflhtwting the value In the master curve. 

It Is to be noted thai the value of an effective MH 
far a ream at a temperature other than the ASTM test 



temperature, computed using eg, 05) fe very sensitive 
to the value of the glass transition temperature used. 
Sm* rhe glass (rantiuon temperature of various 
grader of an amorphous polymer could vary over ft 
broad range af JO- 15 "C, ltd recommended chat tha 
ftotual glass transition temperature of the particular 
m»» be determined whenever postlbte, 

the vanei of the befit distortion temperatures of 
various grades of polystyrene an reported hj table 3. 
The heat diitortion temperature, bang a thermo 
mecb&racd property of a resin, Is qualitatively 
to the glass tarnation temperature. Therefore, for 
mae grades, the flea* trandtioa would also vaiy ever 
about B'CThe flenridvity of the effective MFI value 
to the gfew transition temperature is Iwjjtratedm the 
last two column* of table 1 In foxmubting the master 
^J 0 * P^»«>» CBgure g), a single value of 
100*C was used for (h* glass transition temperature, 
whereas tha glajs transinon temperature of en impact 
polystyrene Is expected to be lower Una that of the 
general purpose crystal grade. The theograms of the 
various grader at different temperatures would 
coalesce in a narrower band, V The correct glass 
transition temperature for the grades were tvaqabie. 

Even with a sem* Crystalline polymer like high 
density polyethylene, where the density could vary 
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from 0.940 to 0565, the gum transition temperature utd PS with kuweMFI valua indPotyrar lac. (USA) aid 
would bo different for different grades. The range of Dew Cliemleah IU5A) for supplying yfaeoifty itmH star 
low variation In the raai^taffioe polymers w for W of different jred* wuh Vwwi MFI. 



Tin anthers art ttankfuj io !PCL k Binds UndW for 
vavMbg tree uctpb e-rLDPB and PP ef dlffacencendis 
wed form experimental data, U3S Novamoaibe. (USA) 
for >oppfytoc -vfcrtaity veato xate data for PP wfeh 
taw* MH wJra; Amoco ChBinta* Ootpomlwh (USA) 
forwppWnETOwity ytobj shear nte ft* forHDPE, PP 



1. VuXrtvelu, 



An effective method has been proposed ta estimate 
the viscosity vemlv ihear cue flow curves of a reslnat 



tan. Tt'e rheograms obteined by using the method 
woqld atvc am order of magnitude information en 
vfecosity, adequate for most exercises in process 
design, optimization, ami trouble shooting. HoWeVsr, 
the How curve? to generated cannot 0« used for 
material quality control purpose*. Therefore, for 
example, jufcdc dlfferencas In the low and high shear 
viscosities cf the ruin tratag £romv&riabk molecular 
weight distribution cannot be elucidated. Th» limita- 
tion or the method is to be expected, face the rhao- 
grami are generated tahyj a value of MFI measured 
under ASIM lest ecodiootu thaiare Insensitive to the 
effects of Ota moleouler-wdghc distribution, as 
Hlustiited by Smith pj» The proposed method tat 
beta introduced M *. handy aid to the nta&a 
processor la the event of hie having no other rheo* 
logical dam on the material besides the melt flaw 
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